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ABSTRACT
The IS6110 sequence was detected visually in sputum samples of tuberculosis patients using a bi-probe
system. One of the probes was an oligonucleotide conjugated to colloidal gold particles, complementary
to one end of the target strand. The other probe was an oligonucleotide conjugated to latex beads
complementary to the other end of the target strand. In a reaction mix, these two probes bind to the
target strand, and the latex beads are then separated by ﬁltration. Bound latex beads have gold colloid
particles at the other end of the target strand. These gold colloid particles were made visible to the naked
eye by silver autometallography on the ‘invisible’ colloidal gold particles. The lower detection limit was
50 ng of genomic DNA of Mycobacterium tuberculosis. This new test, together with conventional PCR,
was performed on DNA extracted from sputum samples of suspected tuberculosis patients. The new
test was simple to perform, the results were visible to the naked eye, and the test was highly speciﬁc, as
even single point mutations in the target strand sequence could be differentiated. The test could be
useful in ﬁeld-level laboratories because it requires no sophisticated equipment.
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INTRODUCTION
Sequence-speciﬁc DNA detection has become
increasingly important in the genetic-based diag-
nosis of disease. Strategies for DNA detection
based on functionalised colloidal gold have been
described in recent years. Nanoparticle-based
detection schemes using two gold particle probes
with covalently bound oligonucleotides comple-
mentary to a target of interest have also been
reported [1,2]. When encountering target strands,
these particle probes are polymerised and form
network structures, accompanied by a red-to-blue
colour change. By incorporating the sophistica-
tion of chip technology, improved detection limits
and convenience have been achieved. Examples
include array-based electrical detection of DNA
[3], Raman spectroscopy-based detection [4],
magnetic separation followed by chip-based
detection [5], and a novel optical detection system
[6]. A gold colloid-labelled probe has also been
used to detect single point mutations by quench-
ing ﬂuorescence [7]. Zeptomole quantities of
nucleic acid have been detected by a colourimetric
scatter-based method [8]. Most recently, a detec-
tion scheme using non-conjugated gold colloid for
DNA has been reported [9]. This technique is
based on electrostatic interactions, and detection
is made possible by controlling the salt concen-
tration.
The above methods have varying levels of
sophistication and, in most reports, only the proof
of principle has been demonstrated. Methods in
which the ﬁnal results are read by spectroscopy or
chip-based techniques may not be suitable for
ﬁeld-level laboratories. Methods with ultra-low
detection limits [8] require stringent precautions
to avoid cross-contamination. Similarly, the oth-
erwise simple-to-perform, non-conjugated gold
colloid method [9] requires stringent control of
the ionic strength of test samples, which may not
be easy to achieve when DNA is extracted from
clinical samples.
The present study reports a test for detection of
speciﬁc DNA that is simple to perform, does not
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require any instrumentation to view the ﬁnal
results, and which has been evaluated with
relevant clinical samples. The test was developed
to detect the IS6110 sequence of Mycobacterium
tuberculosis. The potential of this sequence for the
diagnosis of tuberculosis (TB) has been demon-
strated previously [10–14]. The study ﬁrst dem-
onstrated the proof of principle by using a
synthetic target strand. The sensitivity of the test
was then estimated for genomic DNA extracted
from M. tuberculosis. Finally, the test was evalu-
ated with DNA extracted from sputum samples.
MATERIALS AND METHODS
Two nucleotide probes corresponding to each end of the target
strand were synthesised. The exact sequences of these nucleo-
tide probes are shown in Fig. 1. In contrast with PCR, it is not
necessary for the two target sequences to be separated by a few
bases. It is possible to design appropriate probes to target any
unique sequence of ‡ 40 bases; hence, highly speciﬁc probes can
bemadewith relative ease. One of the nucleotide sequenceswas
bound covalently to latex beads, while the other nucleotide was
linked to colloidal gold particles. Both probes bind to their
respective ends of the target strand in a reaction mix. When
ﬁltered, the bound and unbound latex beads are retained on the
ﬁlter. Bound latex beads have gold colloid particles attached at
the other end of the target strand, but are still almost invisible on
the ﬁlter. Direct visual detection of target DNA ismade possible
by autometallography or silver enhancement [15]. In this
process, the DNA captured by functionalised colloidal gold
and latex beads is exposed to silver ions containing a reducing
agent such as hydroquinone. Gold colloid particles provide
nucleation for the deposition of reduced silver from silver ions.
During this process the beads become enlarged to 30)100 nm in
diameter, and become black in colour.
Preparation and labelling of probes
Gold chloride, HAuCl4 (Sigma, Bangalore, India) was used.
Colloidal gold particles with an average diameter of 25–30 nm
were prepared by controlled reduction of a 0.02% w ⁄v boiling
solution of gold chloride with sodium citrate 1% w ⁄v [16].
The target sequence comprised nucleotides 777–972 of the
IS6110 sequence [17] (GenBank accession no. M29899). To
evaluate the assay, the nucleotide sequence shown in Fig. 1, in
which nucleotides 807–945 were removed, was synthesised.
The target strand was shortened to make its synthesis less
expensive.
A-3¢-hexylthiol-modiﬁed sequence was synthesised based
on nucleotides 777–798 of the target sequence; similarly a
5¢-hexylamine-modiﬁed sequence was synthesised based on
nucleotides 952–972 (Fig. 1). In order to evaluate the ability of
the test to differentiate single pointmutations, a target sequence
was synthesised (Fig. 1B) in which the cytosine at position 965
was replaced with thymine. In order to examine the speciﬁcity
of the test, detection of the target strand was attempted in the
presence of a large excess of this ‘mutated’ strand.
The same nucleotide targets were used to make PCR
primers. One primer was similar to the hexylamine-modiﬁed
nucleotide, while the other was complementary to the hex-
ylthiol-modiﬁed nucleotide, but without the hexylamine or
hexylthiol modiﬁcations.
Conjugation of oligonucleotides to colloidal gold and latex beads.
A 200-lL aliquot of colloidal gold solution (see above) was
mixed with 10 lL (c. 25 ng) hexylthiol-modiﬁed nucleotide
and incubated overnight at 25C. Gold-bound nucleotide was
washed twice with 1 mL milliQ water and dispensed ﬁnally in
200 lL milliQ water.
Carboxylate-modiﬁed 0.45-lm latex beads (Sigma) were
used for conjugation to the hexylamine-modiﬁed nucleotide. A
100-lL aliquot of beads was washed twice in milliQ water. The
washed beads were dispersed in 1 mL 10 mM phosphate-
buffered saline (PBS) containing 0.1 mg 1-cyclohexyl-3-(2-
morphoilino-ethyl)carbodimide metho-p-toluenesulphonate
(Sigma), mixed with 50 lL (c. 50 ng) hexylamine-modiﬁed
nucleotide, and incubated overnight at 25C. Latex beads with
bound nucleotide were washed in milliQ water and ﬁnally
dispersed in 1 mL milliQ water.
For silver enhancement of almost invisible gold nanopar-
ticles, equal volumes of hydroquinone 0.5% w ⁄v and silver
acetate 0.2% w ⁄v in 0.5 M citrate buffer (pH 3.8) were used.
Preparation of genomic DNA
Genomic DNA fromM. tuberculosis (strain H37Rv) was extract-
ed by ethanol precipitation. In brief, glycine 1% w ⁄v was
added to the culture the day before harvesting. The cells were
centrifuged and resuspended in a lysis solution containing
sucrose 10% w ⁄v and lysozyme 2 mg ⁄mL in 50 mM Tris
Fig. 1. A, the sequences of the target strand, the nucleotide probe labelled with latex beads, and the nucleotide probe
labelled with gold colloid. B, after a single mutation in the target strand, the nucleotide labelled with latex beads does not
bind. Numbers indicate the position of the sequences in the IS6110 target sequence.
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buffer. Proteinase K and SDS were then added and the mixture
was incubated at 55C. The lysate was extracted with phenol
saturated with Tris-EDTA (TE) buffer, the nucleic acid was
precipitated with ethanol, dissolved in TE (10 mM Tris, 1 mM
EDTA, pH 8) buffer, and the yield was estimated by measur-
ing the absorbance at 260 nm and 280 nm.
Sputum samples
Sputum from suspected TB patients was collected and proc-
essed at the New Delhi Tuberculosis Centre, New Delhi, India.
The sputum samples were examined initially by microscopy
and cultured by Petroff’s method.
DNA was extracted from sputum samples by the NALC
(N-acetyl L-cysteine) and GITC (guanidium isothiocyanate)
method (method A) [18]. Sputum samples were mixed with 0.2
vol. NALC 2.5% w ⁄v in 68 mM phosphate buffer (pH 6.8),
allowed to stand for 10 min, and then centrifuged at 10 000 g.
The pellet was resuspended in inhibitor removal solution
containing 5 M GITC, 25 mM EDTA, sarcosyl 0.5%w ⁄v, 0.2 M
b-mercaptoethanol in 50 mM Tris-chloride, pH 7.5. After
30 min, the mixture was centrifuged at high speed and the
pellet was washed and dried. DNA was extracted from the
dried pellet by adding 5 vol. Chelex 100 (Bio-Rad, Bangalore,
India) 10% w ⁄v suspension containing Tween 20 0.3% v ⁄v
and Triton X-100 0.03% v ⁄v. The tubes were heated at 90C for
30 min and the supernatant was then used for the PCR and
gold colloid–latex bead tests. For gold colloid–latex bead tests,
DNA was also extracted (method B) by mixing equal volumes
of sputum and NALC 2.5% w ⁄v in 68 mM phosphate buffer
for 15 min, centrifuging at high speed, washing the pellet with
10 mM TE buffer, resuspending in 1 mL TE buffer, and then
placing the tube over boiling water for 30 min. The super-
natant was used for the gold colloid–latex bead test.
PCR assay
Taq PCR core kit (Qiagen, Hilden, Germany) was used to
perform the PCR assay, with a hot start for 4 min, followed by
30 cycles of 94C for 30 s, 62C for 30 s and 72C for 30 s. The
ampliﬁcation products were checked on an ethidium bromide-
stained agarose gel.
Gold colloid–latex bead test procedure
Single-stranded DNA was prepared by taking 10 lL of DNA
sample extracted by any of the abovemethods, keeping the tube
in boiling water for 20 s to denature the DNA, and then placing
the tube in a freezingmixture consisting of NaCl and ice for 20 s
to achieve rapid cooling and prevent re-annealing. This
heating ⁄ cooling cycle was repeated three times. Twenty lL of
latex beads probe, 10 lL of gold probe and 5 lL of 100 mMPBS
were then added to the denatured DNA sample. After 5 min,
the reaction mix was ﬁltered through a 0.22-lm polyvinylidene
ﬂuoride (PVDF) hydrophilic ﬁlter (Millipore, Bangalore, India).
Latex beads retained on the ﬁlter were washed with 10 mL
milliQ water to remove unbound gold probe and chloride ions,
after which 50 lL of silver enhancement solution was added.
The ﬁlter was examined visually after 30 min for black spots.
The image intensity was estimated by manually selecting the
image area corresponding to each spot and converting it to a
grey scale. The colour intensity was thenmeasuredwith ImageJ
software (http://rsb.info.nih.gov/ij/index.html).
RESULTS AND DISCUSSION
The principle of the gold colloid-latex bead test
was demonstrated initially with a synthetic target
DNA strand. A series of dilutions containing
0–2.5 ng of target was made. These dilutions were
mixed with both probes as described above.
Fig. 2A shows examples of the ﬁlters before and
after silver enhancement. Following enhancement,
it was possible to clearly distinguish the black spot
corresponding to 25 pg DNA from the blank.
Fig. 2B shows a comparison of the results
obtained by PCR and the gold colloid–latex bead
test. A series of dilutions containing 0–50 lg of
genomic DNA extracted from strain H37Rv was
made and both tests were performed. Lanes 2–5
and 7 show the 200-bp ampliﬁcation product from
5 ng, 50 ng, 0.50 lg, 5 lg and 50 lg of target
DNA, respectively. The gold colloid–latex bead
test was performed on solutions containing the
same amounts of DNA (the ﬁlters are shown
below the respective lanes in Fig. 2B). The spot
corresponding to 5 ng DNA is not visible, the
50 ng spot is only just visible, and all other spots
are clearly visible. Therefore, the lower detection
limit of the gold colloid–latex bead test is 50 ng of
H37Rv genomic DNA. This detection limit cor-
responds to 108 cells as there are 16 copies of
IS6110 present in strain H37Rv [19], and a single
genome contains 5 fg of DNA.
Fig. 2C shows the average image intensity of
ﬁve ﬁlters, together with the standard deviation.
The intensity increased with the amount of target
DNA, albeit with a large standard deviation
caused by the limitations of silver autometallo-
graphy. For this reason, quantitative estimation of
DNA by the gold colloid–latex bead test may not
be possible, but the test could be used to deﬁne
positive or negative clinical samples.
Applicability of the test for DNA mixtures
To verify the applicability of this test for the
detection of the target sequence in a mixture of
similar or excess random DNA, the intensity
obtained with several types of mixtures was
investigated. Fig. 2D shows that 50 pg of target
was detected, even in the presence of 0.5 lg
genomic DNA from Escherichia coli or 50 ng of
mutated sequence. These results show that it is
possible to adapt this test to detect single point
mutations, and that it remains sufﬁciently sensi-
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tive to detect the target sequence among a large
pool of nucleotides.
Use of the test with clinical samples
To investigate its possible use as a diagnostic tool,
the test was evaluated with DNA extracted from
sputum samples from suspected TB patients. The
results are summarised in Table 1. All 18 micro-
scopy-positive samples were also positive by
culture, gold colloid–latex bead test and PCR. Of
the remaining 69 microscopy-negative samples,
20 were culture-positive, 16 were PCR-positive,
and 13 were gold colloid–latex bead test-positive.
Of particular interest is the comparison between
the gold colloid–latex bead test and PCR, as both
tests recognise the same target sequence. Of the 38
culture-positive samples, 32 were PCR-positive,
29 were gold colloid–latex bead test-positive, and
18 were microscopy-positive. None of the culture-
negative samples was positive by any of the
other methods. Three PCR-positive samples were
A B 
C D 
Fig. 2. Examples of results obtained with the gold colloid–latex bead test and PCR. A, photographs of ﬁlters showing the
spots obtained with blank, 25 pg, 250 pg and 2.5 ng synthetic target nucleotide after washing (top row) and silver
enhancement (bottom row). The spots are almost invisible after washing but become visible after silver enhancement. B,
comparison of results obtained with PCR and the gold colloid–latex bead test showing the ampliﬁcation obtained with
5 ng, 50 ng, 0.5 lg, 5 lg and 50 lg of target DNA (lanes 2, 3, 4, 5 and 7, respectively; lane 1, negative control; lane 6, 100-bp
DNA ladder). Two-lL of ampliﬁed product was loaded in each lane. Spots obtained with the same amount of DNA are
shown below every lane. C, variation in the intensity of these spots, showing an average of ﬁve spots and the standard
deviations. D, comparison of the intensity of spots obtained from different types of DNA mixtures. The sensitivity of the
test remained unchanged in a mixture of similar DNA or large amounts of random DNA.
Table 1. Summary of results
obtained by different methods
Total samples (n = 87)
Culture-positive (n = 38)
Culture-negative (n = 48) and contaminated culture
(n = 1)
Microscopy PCR Gold colloid Microscopy PCR Gold colloid
+ve )ve +ve )ve +ve )ve +ve )ve +ve )ve +ve )ve
18 20 32 6 29 9 0 49 0 49 0 49
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negative by the gold colloid–latex bead test,
probably because of its lower sensitivity. The
discrepancies with the results of culture could be
associated with the limitations of TB diagnosis by
detecting the IS6110 gene [20]. Identical results
were obtained using the gold colloid–latex bead
test with DNA extracted using either the Chelex
100 procedure (method A) or the boiling method
(method B).
Overall, these results demonstrate that the gold
colloid–latex bead test can be used to test sputum
samples for M. tuberculosis. A simpliﬁed DNA
extraction method is likely to be adequate for the
gold colloid–latex bead test, as no ampliﬁcation
occurs and inhibitors have a very limited inﬂu-
ence on the results. The sensitivity of this test is
lower than that of PCR, but it is simple to perform
and the results are visible to the naked eye. The
cost of the reagents per DNA extraction and test is
2 Euros, and the test should be suitable for use
in ﬁeld-level laboratories. A further large-scale
validation of the test is desirable.
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